Abstract-Dust is a dominant feature in satellite images and is suspected to extract large radiative forcing of climate. While remote sensing of dust over the dark oceans is feasible, adequate techniques for remote sensing over the land still have to be developed. Here, similar to remote sensing of aerosol over vegetated regions, we use a combination of visible and mid-IR solar channels to detect dust over the desert. Analysis of Landsat TM images over Senegal taken in 1987 show that the surface reflectance at 0.64 µm is between 0.54 ± 0.05 of the reflectance at 2.1 µm, and reflectance at 0.47 µm is 0.26 ± 0.03 of that at 2.1 µm, surprisingly similar to relationships in non-desert sites. We also found that dust have only a small effect on the surface + atmosphere reflectance at 2.1 µm over the desert. Therefore, in the presence of dust, we use the Landsat TM data at 2.1 µm channel to predict the surface reflectance at 0.64 and 0.47 µm. The difference between the satellite-measured reflectances of surface + atmosphere and the predicted surface reflectances is used to derive the dust-optical thickness at 0.64 and 0.47 µm. Results show that can be derived within 1 = 0 5 for the range of 0 2 5, thus enabling detection of dust sources and the estimation of three to five levels of dust opacity over the desert. The method is very sensitive to the correct knowledge of the dust absorption and is equally sensitive to dust in the entire atmospheric column. It is best applied in the red part of the spectrum (around 0.64 µm), where dust was found to be weak-absorbing or nonabsorbing. We plan to use this method as part of the dust monitoring from the Earth-observing system MODIS instrument.
I. INTRODUCTION
R OUTINE daily observations of aerosol from satellites over land and oceans are required to obtain a global aerosol budget, monitor aerosol sources, and transport chemical transformation in the atmosphere and sinks. This information can then be used to evaluate the aerosol radiative forcing of climate [13] and the climatic response to the presence of tropospheric aerosol [2] . Aerosols are characterized by high temporal and spatial variability, due to their short lifetime of a few days [4] . Thus, satellites are suitable to monitor this variability. Several satellite sensors are designed to measure global aerosol concentration and properties using the spectral, angular, or polarization properties of solar radiation reflected by the aerosol. The spectral properties are used by the Earth observing system-moderate resolution imaging spectroradiometer (EOS-MODIS) [18] , [33] and the adavanced Earth observing system-ocean color and temperature scanner (ADEOS-OCTS) and global imager (GLI) sensors [27] . The angular characteristics are by EOS-multiangle imaging spectroradiometer (MISR) [12] , [23] and ADEOS-polarization and directionality of the Earth's reflectance (POLDER) and the polarization measurements also by POLDER [6] , [7] . EOS-Earth observing scanning polarimeter (EOSP) [24] plans to combine a wide spectral range with polarization and angular measurements. Remote sensing of dust over the land is a particularly difficult problem. Polarization is not very sensitive to the presence of dust due to the dust-weak polarization that is a result of its irregular shape. Also, the surface contribution is more significant than over vegetated areas [26] . Dust cannot be sensed using dark targets, since the desert is brighter and the dust-angular properties may be dominated by the uncertain optical effects of the particle nonsphericity [12] . Remote sensing of dust was conducted using thermal properties, [1] , [21] , [35] , [38] , reduction of contrasts by dust between dusty and clear days [34] , and total ozone mapping spectrometer (TOMS) data in the ultraviolet part of the spectrum [10] . These methods have their limitations. The thermal techniques are dependent on the scene and atmospheric temperatures, the contrast reduction derives the optical thickness for the difference between two days rather then the absolute optical thickness, and TOMS data are sensitive to a product of the dust absorption and height. For this reason, they are not sensitive to dust in the lowest 1-2 km but are sensitive to the assumed vertical distribution. In this paper, we shall report an extension of the dark-target approach to desert targets for remote sensing of dust. Though we cannot expect this technique to be as sensitive as its application to smoke and "sulfate" aerosol over vegetation, it has the advantage that it uses single images to derive the absolute aerosol-optical thickness and measures the total loading of the ambient aerosol in the entire atmospheric column.
II. RATIONAL
The dark-target approach [15] , [18] is based on two assumptions with regard to specific properties of the surface and the aerosol layer. We evaluate them with regard to application for dust over the desert.
1) The aerosol is transparent at 2.1 µm, and therefore, the satellite observations can be used to find the surface properties at 2.1 m. This assumption was found valid for 0196-2892/00$10.00 © 2000 IEEE smoke aerosol from biomass burning and for "sulfate" aerosol from urban/industrial emissions due to the predominance of small particles with spectral optical thickness decreasing with wavelength [14] , [30] to [16] , [17] .
2) The surface reflectance in the blue (0.47 m) and red (0.64 m) spectral regions can be predicted from the surface reflectance at 2.1 µm. Extensive empirical studies in the United States [15] found that the reflectance can be expressed by and within an error of for . In some cases, the relationship was found to be good for higher surface reflectances also [15] . Using these two assumptions, the satellite data at 2.1 µm is used to estimate the surface reflectance in the red or blue spectral channels. Together with the actual radiance measured in these two channels, it is used to estimate the aerosol-optical thickness. Validation using independent data sets and ground-based validation in the U.S. and Brazil [5] , [13] found the method to be accurate within . Can this method be applied to dust over desert? The next two sections demonstrate this application.
III. DUST OVER DESERTS
We use the Landsat 5 TM data acquired in 1986 and 1987. Landsat TM provides the reflected solar radiation in 5 solar spectral bands with ground resolution of 30 m. TM channels 1, 3 and 7, centered at 0.47, 0.64, and 2.1 m, respectively, were selected to test the two assumptions required for remote sensing of dust and to test the technique. We used the same 4 TM images over Sénégal used earlier by Tanré et al. [34] , centered around 14.1 N, 16.7 W. Two of the images had moderate amounts of dust, with optical thickness at 0.55 m, on April 30, 1986 and on May 3, 1987. These images are used to derive the surface properties from the TM data using the measured optical thickness. Another set of two images had large dust loading on April 1, 1987 and on April 17, 1987 . Color composites of three of the scenes are shown in Fig. 1 . The solar-zenith angle varies between 32 and 36 , and the observation is close to the nadir [34] . The calibration of the sensor is discussed by Markham and Barker [22] . The Landsat TM data over the ocean will be used for a consistency check of the calibration and the aerosol model.
Can the surface reflectance at 0.64 and 0.47 m be estimated from that at 2.1 m over the desert? Desert surfaces are not vegetated, as are most of the surfaces used to derive the relationship between surface properties in the visible to that at 2.1 m. But we found that in dry regions (e.g., in southern California), the relationship can be extended to higher surface reflectances at 2.1 m of 0.3-0.4 [15] . To answer this question, we performed atmospheric corrections to the two least dusty Landsat scenes using the optical thickness measured by the sunphotometer [34] and plotted the ratio of the surface reflectances and in Fig. 2 . The results show that the ratios are close to 0.5 and 0.25, respectively, as derived earlier for nondesert conditions [15] , [18] within 0.1 and 0.05, respectively. This corresponds to an error of and , respectively. The correlation between the surface reflectance in the blue and red channels and that at 2.1 m is between and for the two less dusty days (April 30, 1986 and May 3, 1987) . This ratio and variability for average reflectance at 2.1 m of 0.4 can support remote sensing of dust with uncertainty of about in the optical thickness.
The technique for remote sensing of dust was applied to the Landsat scenes, taken in the vicinity of the sunphotometer. The following are the steps in the application: 1) Landsat apparent reflectance at 2.1 m in the vicinity of the sunphotometer is corrected for the two-way transmission through water vapor (1) 2) The surface reflectance at 0.47 and 0.64 m is estimated as [15] and (2) 3) The aerosol-optical thickness is derived from the measured apparent reflectance at 0.47 and 0.64 m and , and the radiative transfer model is calculated for effective radius of 2 m and refractive index of at 0.47 m, at 0.64 m, and at 2.1 m, as discussed in the next section. The results of the radiative transfer model were approximated by analytical expressions (3a) (3b)
The approximation was accurate in most cases within . The results are tested in Fig. 3 using a scatter plot of the derived dust-optical thickness versus the optical thickness mea- sured by the sunphotometer for the 0.64 and 0.47 µm Landsat TM spectral channels. The correlations between the derived and observed optical thicknesses are and , respectively. Though the errors of 0.5 in the optical thickness are much larger than in previous attempts to smoke and "sulfate" aerosol, due to the high dust-optical thicknesses over the deserts, the method is accurate enough to detect the presence of dust, determine dust sources, and measure a few levels of the dust-optical thickness, independent of the dust-vertical distribution.
IV. DISCUSSION OF UNCERTAINTIES
The main source of error is due to uncertainty in the ratio between the surface reflectance at 0.64 and 0.47 m and that at 2.1 m of 0.5 and 0.25, respectively. The error of and correspond to uncertainty of and in the optical thickness. What is the error due to the assumption that dust is transparent at 2.1 m? Dust particles are not small (effective radius around 1-4 m- [9] , [19] , [29] , [31] ), but it is suggested that the dust-real refractive index at 2.1 m is smaller than in the visible channels [9] , [39] based on Voltz [37] , though not in the model of Carlson and Benjamin [3, Fig. 3 ]. Thus, the dust effect at 2.1 m is expected to be smaller than in the visible, due to smaller backscattering. The best evaluation of this assumption is using Landsat observations over the ocean. Fig. 4 shows the spectral radiance detected by the Landsat TM instrument over the ocean close to the coast of Senegal. The TM radiances are normalized to units of apparent reflectance , where is the radiance at the top of the atmosphere, is the solar-spectral flux, and is cosine of the solar-zenith angle. The TM data are compared with model calculations [39] . Though above 1 m the radiance decreases with wavelength, the decrease is not as sharp as anticipated using the dust models. This indicates that the refractive index is not as small as 1.22 at 2.1 m. Laboratory measurements [20] indicate that at least for silica, the refractive index is 1.46 at 2.1 m (the short dashed line in Fig. 4) , and Carlson and Benjamin [3] used the value of 1.58. Note that other factors can affect the spectral radiance (e.g., the particle size, the imaginary index, and the effects of particle nonsphericity. The uncertainty in the particle size is represented in the figure. The nonsphericity is not expected to be large at the scattering angle of about 150 (about nadir view and solar-zenith angle of 32 ) Michshenko et al. [25] . We used an imaginary index of 0.003 at 0.47 m and 0.001 for longer wavelengths, in general agreement with the single-scattering albedo of 0.95 found for the solar spectrum by Fouquart et al. [8] . A larger imaginary index (e.g., 0.008 suggested by WMO [39] and the Geophysical Handbook, [9] ) resulted in radiance much lower than mea- sured from Landsat over the land or ocean. Imaginary index of 0.001 for the red part of the spectrum was also reported in the literature summary of Carlson and Benjamin ([3, Fig. 3]) and Otterman et al. [28] . Over the desert, the brighter surface at 2.1 m in the presence of some dust absorption is expected to decrease the dust effect on the apparent reflectance observed from space at 2.1 m. The difference between the Landsat apparent reflectance in the very hazy and less hazy days shows that for a change in the optical thickness from on May 3, 1987 to on April 17, the scene radiance in the vicinity of the sunphotometer, increased by at 0.64 m and only by at 2.1 m. This large difference in the spectral effect makes it feasible to use the technique. The increase in the apparent reflectance of at 2.1 m corresponds to an error of , and in the red and blue channels is much smaller than the uncertainty in the ratio of the reflectance in these channels compared to that at 2.1 m (e.g., and ) and therefore does not significantly affect the error bars. Uncertainty in the dust particle size on the apparent reflectance measured from space is shown in Fig. 4 . The uncertainty of at 0.47 and 0.64 m is also much smaller than the uncertainty in the ratio of the reflectance in these channels to that at 2.1 m. The assumption that the particle nonsphericity does not affect the optical properties is correct for scattering angles of 150 10 , and the errors may be large beyond 20 from scattering angle of 150 . Therefore the method has to be checked before applying it to scattering angles outside the 150 20 range. Uncertainty in the dust altitude has no substantial effect on the radiation at 0.64 m. At 0.47 m a typical uncertainty in the dust height of 2 km, for single scattering albedo of 0.85 [35] corresponds to uncertainty in , and therefore does not affect significantly the error bars.
Absorption of sunlight in the blue (0.47 µm) is expected to generate variability and uncertainty in the dust single-scattering albedo in this channel, and corresponding uncertainty in the retrieved-optical thickness, of the order of 0.3.
We do not expect any significant effects of surface angular effects, since changes in the surface angular properties are expected to be correlated between the 2.1 m channel and the 0.47 and 0.64 m channels.
The aerosol-optical thickness varies with time and generates an uncertainty in the validation of the optical thickness derived from the satellite data. The time dependence for two of the days is shown in Fig. 5 . In the less dusty day, the optical thickness is stable (standard deviation of 0.01). In the dusty day, the variability is significantly larger (standard deviation of 0.15) but much smaller than the uncertainty in the satellite-inversion procedure.
V. COMPARISON OVER DESERT AND OCEAN
We applied the remote sensing method to the TM images in the two hazy days (see Fig. 1 ) over the land and ocean in order to see the similarity of the values obtained across the seashore. The derived aerosol over land and ocean has a different sensitivity to the remote sensing methods and to the assumed aerosol properties. Over the ocean, the optical thickness is derived directly from the radiance, assuming that for the viewing and il-luminating geometry the surface reflectance is 0.02 and 0.04, respectively, for the clean and dusty images in all channels. The surface reflectance is due to remaining glint reflection (0.02) in the direct radiation and the impact of glint on the diffuse radiation for the high dust-optical thicknesses (additional 0.02 in the dusty days). The images presented in Fig. 6 for the 0.64 m channels shows the smooth transition of the dust over the sea shore. The dust is more homogenous and dense on April 17, 1987 , as observed by the sunphotometer and varying with higher values over land than over ocean on April 1, 1987 , since these data were acquired just as the dust front was passing the sea shore. The transition is not smooth at 0.47 m for April 17. In this day, the optical thickness of dust was underestimated over the land (see Fig. 3 ). This discrepancy is probably due to uncertainty in the dust absorption in this channel. Note that over the ocean, an additional aerosol due to sea spray can be produced. Since maritime aerosol generates only moderate optical thicknesses (less than 0.1), it does not significantly affect the intercomparison of aerosol overt land and ocean in the dusty days.
VI. CONCLUSIONS
Remote sensing of dust over the desert was demonstrated using the visible and mid-IR solar channels. It is basically the same technique used for remote sensing of small (effective radius m) smoke or industrial aerosol particles over vegetated terrain, even though it violates the basic principles of that technique. The dust particles are large (effective radius m), and the desert is not vegetated. The success is the combination of the desert brightness at 2.1 m, combined with dust-light absorption and some unknown mechanism that keeps the ratio of the spectral surface reflectance at roughly 0.5 or 0.25 between the red or blue channels to the 2.1 m channel respectively, independent (so far) of the surface cover. We plan to apply this technique to the EOS-MODIS data, initially for scattering angles of 150 20 in order to be able to monitor dust events, sources, and transport. We plan to validate the method in other locations and conditions. The advantage of the technique over the IR or UV techniques is that it is equally sensitive to dust in the entire vertical column. However, the technique is very sensitive to the dust absorption. In the red part of the spectrum, dust from the Saharan belt is weak-absorbing or nonabsorbing, and therefore, the technique is best applied in this channel. In the blue part of the spectrum, the dust absorption and the uncertainty in it makes the technique less successful.
